Hepatocellular carcinoma (HCC) is a kind of complicated disease with an increasing incidence all over the world. A classic Chinese medicine formula, Zuojin pill (ZJP), was shown to exert therapeutic effects on HCC. However, its chemical and pharmacological profiles remain to be elucidated. In the current study, network pharmacology approach was applied to characterize the action mechanism of ZJP on HCC. All compounds were obtained from the corresponding databases, and active compounds were selected according to their oral bioavailability and drug-likeness index. The potential proteins of ZJP were obtained from the traditional Chinese medicine systems pharmacology (TCMSP) database and the traditional Chinese medicine integrated database (TCMID), whereas the potential genes of HCC were obtained from OncoDB.HCC and Liverome databases. The potential pathways related to genes were determined by gene ontology (GO) and pathway enrichment analyses. The compound-target and target-pathway networks were constructed. Subsequently, the potential underlying action mechanisms of ZJP on HCC predicted by the network pharmacology analyses were experimentally validated in HCC cellular and orthotopic HCC implantation murine models. A total of 224 components in ZJP were obtained, among which, 42 were chosen as bioactive components. The compound-target network included 32 compounds and 86 targets, whereas the target-pathway network included 70 proteins and 75 pathways. The in vitro and in vivo experiments validated that ZJP exhibited its prominent therapeutic effects on HCC mainly via the regulation of cell proliferation and survival though the EGFR/ MAPK, PI3K/NF-κB, and CCND1 signaling pathways. In conclusion, our study suggested combination of network pharmacology prediction with experimental validation may offer a useful tool to characterize the molecular mechanism of traditional Chinese medicine (TCM) ZJP on HCC.
INTRODUCTION
As the third predominant cause of cancer-related death in the world, hepatocellular carcinoma (HCC) is a kind of complicated disease with various risk factors, such as hepatitis B viral or hepatitis C viral infection, obesity, and alcohol abuse (Ferlay et al., 2015) . The incidence of HCC is mounting all over the world, whereas the prognosis of this disease is still far from satisfactory (Sherman, 2008) . There are five commonly used treatments for HCC currently, namely, liver transplantation, transcatheter arterial chemoembolization, surgical resection, radiofrequency ablation, and sorafenib (Llovet et al., 2015) . However, as most HCC patients are diagnosed at middle or later disease stages, only sorafenib treatment is still feasible for these patients. What is worse, fewer than 20% patients are able to respond to sorafenib, whereas moderate or severe side effects are frequently caused by sorafenib. There is an essential need to develop more effective and less toxic therapies for HCC (Zhu et al., 2016) . Traditional Chinese medicine (TCM) has been used clinically in Asia for more than 2,000 years. As one of the most popular complementary and alternative medicine modalities in China, TCM has been gradually accepted by non-Chinese due to its prominent efficacy, rich resource, and less toxicity. There have been many TCM formulas used alone or as an adjuvant to conventional chemotherapy in the clinical treatment of cancers (Kim et al., 2012; Xu et al., 2012a; Gavaraskar et al., 2015) .
Zuojin pill (ZJP) is a drug pair commonly used in TCM. It consists of only two herbs, namely, Coptidis Rhizoma (CR, Huang-lian in Chinese) and Evodiae Fructus (EF, Wu-chu-yu in Chinese). The ratio of CR and EF is 6:1 (w/w). CR is obtained from the dried rhizome of Coptis chinensis Franch and widely applied for the treatment of various diseases, such as gastrointestinal disorders, hepatic damages, and diabetes (Wang et al., 2015a; Lam et al., 2016) . EF is obtained from the immature fruit of Evodia rutaecarpa Benth and widely applied for the treatment of headache, inflammation, and hypertension (Xu et al., 2012b) . Alkaloids are proved to be the primary compounds of both CR and EF. Previous studies revealed that ZJP, its comprising herbs CR and EF, as well as the active compounds exhibited multiple pharmacological effects against cancer via various mechanisms of action (Wang et al., 2009; Wang et al., 2010a; Chou et al., 2017; Pan et al., 2017) . ZJP extracts exerted its anticancer activity on colorectal cancer cells through the attenuation of the 5-HTR1D-Wnt/β-catenin signaling pathway (Pan et al., 2017) . ZJP showed anticancer activity against sarcoma cancer via its effects on gene expression and activities of serum tumor markers (Wang et al., 2009) . Notably, ZJP markedly inhibited tumor growth in orthotopic HepG2 xenograft-bearing immunocompetent mice model (Chou et al., 2017) . However, the chemical and pharmacological foundations of ZJP in inhibiting human cancers, especially HCC, was not globally evaluated with appropriate approaches.
TCM is a complex system with multiple targets and synergistic or antagonistic interactions among its components (Ma et al., 2015) . Unlike western medicine of "one target, one drug, " the concept of the integrity of the whole human body is emphasized in the theory of TCM. Because of its complexity in composition, conventional pharmacological approaches to experimentally identify the unique action of mechanism may not be applicable to TCM research. Along with the rapid development of bioinformatics, the newly emerging network pharmacology is based on big databases and has become a useful tool to characterize the action mechanisms of complicated drug system in detail, from the molecular level to the pathway level . Network pharmacology meets the key ideas of the holistic philosophy of TCM (Li and Zhang, 2013) . As a state-of-the-art technique, this method updates the research paradigm from the current "one target, one drug" mode to a new "network target, multicomponents" mode. It helps to evaluate the rationality and compatibility of TCM by providing the detailed compound-target and target-pathway networks. It has been widely applied in the mechanism study of TCM for the treatment of complex diseases, such as cancer, asthma, and cardiovascular disorders. Successful attempts to apply this method to investigate complex TCM have been achieved in our laboratory Hong et al., 2017b; Huang et al., 2017a; Huang et al., 2017b; Huang et al., 2017c) and other researchers (Liang et al., 2014; Chen et al., 2018; Wang et al., 2018; Zheng et al., 2018; Zuo et al., 2018) .
In the current study, we used computational tools and resources to investigate the pharmacological network of ZJP on HCC to predict the active compounds and potential protein targets and pathways. In addition, in vitro and in vivo experiments were also conducted to validate the potential underlying mechanism of ZJP on HCC, as predicted by network pharmacology approach. The detailed technical strategy of the current study was shown in Figure 1 .
MATERIALS AND METHODS

Network Pharmacology-Based Analysis
Identification of Candidate Components in ZJP
All components of the two Chinese medicinal herbs in ZJP (Huang-lian and Wu-chu-yu) were retrieved from the traditional Chinese medicine systems pharmacology (TCMSP) database (http://tcmspw.com/) (Ru et al., 2014) .
Screening Strategy for Bioactive Components in ZJP
The oral TCM must overcome the barriers posed by absorption, distribution, metabolism, and excretion (ADME) processes to be active. In ADME processes, oral bioavailability (OB) is one of the most significant pharmacokinetic parameters (Xu et al., 2012c) .
Abbreviations: ATCC, American type culture collection; ADME, absorption, distribution, metabolism, and excretion; BP, biological process; BSA, bovine serum albumin; CC, cellular component; CCND1, cyclin D1; CR, coptidis Rhizoma; CTD, comparative toxicogenomics database; CULATR, committee on the use of live animals in teaching and research; DL, drug-likeness; EASE, expression analysis systematic explorer; EF, evodiae fructus; GO, gene ontology; HCC, hepatocellular carcinoma; MF, molecular function; OB, oral bioavailability; PVDF, polyvinylidene fluoride; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TBST, tris buffered saline-tween 20; TCM, traditional Chinese medicine; TCMID, traditional Chinese medicine integrated database; TCMSP, traditional Chinese medicine systems pharmacology; TTD, therapeutic target database; ZJP, Zuojin pill.
High OB is usually an essential indicator to determine the druglikeness (DL) index of active substances. The substances with OB ≥ 30% were regarded to have high OB.
As a qualitative concept applied in drug design to estimate the druggability of a molecule (Tao et al., 2013) , the DL index is useful for rapid screening of active substances. In the DrugBank database, the average DL index is 0.18. The substances with DL index ≥0.18 were regarded to have high druggability.
Therefore, the compounds in ZJP with OB ≥ 30% and DL index ≥0.18 were selected as active substances in the current study.
Prediction of Drug Targets for ZJP
The protein targets of the active substances in ZJP were retrieved from the TCMSP database and the traditional Chinese medicine integrated database (TCMID, http://www.megabionet.org/tcmid/).
Collection of Gene Targets for HCC
HCC-related human genes were collected from two databases, namely, OncoDB.HCC (http://oncodb.hcc.ibms.sinica.edu.tw/ index.htm) (Su et al., 2007) and Liverome (http://liverome.kobic. re.kr/index.php) (Lee et al., 2011) . Then, the protein targets of ZJP were mapped with HCC using the therapeutic target database (TTD, http://bidd.nus.edu.sg/group/cjttd/TTD_HOME.asp), the comparative toxicogenomics database (CTD, http://ctdbase. org/), and PharmGKB (https://www.pharmgkb.org/).
Gene Ontology and Pathway Enrichment Analysis for HCC-Related Targets of ZJP
The gene ontology (GO) and pathway enrichment analyses were conducted using the functional annotation tool of DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/) (Huang da et al., 2009) . Terms with thresholds of Count ≥ 2 and Expression Analysis Systematic Explorer (EASE) scores ≤ 0.05 were chosen in functional annotation clustering.
Construction of Networks and Analysis
To further characterize the molecular mechanism of ZJP on HCC, the compound-target and target-pathway networks were generated using Cytoscape 3.3.0 (Smoot et al., 2011) . In these graphical networks, the compounds, proteins, or pathways were expressed as nodes, whereas the compound-target or targetpathway interactions were expressed as edges.
Experimental Validation
Preparation of ZJP Aqueous Extract
Coptidis Rhizoma (voucher No. 44-1) and Evodiae Fructus (voucher No. 0018) were obtained and authenticated by the executive manager of dispensary of School of Chinese Medicine, The University of Hong Kong under the guidance of Chinese Pharmacopeia 2015 edition. The herbs were vouched and stored in specimen room of School of Chinese Medicine, The University of Hong Kong. To prepare the aqueous extract of ZJP, 60 g Coptidis Rhizoma and 10 g Evodiae Fructus were soaked in 700 ml distilled water for 30 min, and then were decocted for 1 h. The solvent was centrifuged at 10,000 rpm for 30 min, and the supernatant was collected. This extraction step was repeated twice, and the supernatants were merged and then evaporated to dryness. The dried powder was redissolved in distilled water to 10 mg/ml and filtered with a 0.22 μm pore-size filter and stored at -20°C for further use. Phytochemical Analysis of ZJP Fingerprinting analysis was conducted by UPLC to identify the chemical profile of ZJP. In detail, 5 μl of ZJP aqueous extract (1 mg/ml) and standards were respectively injected into the UPLC system (Thermo Fisher Scientific, USA) and separated on C18 ODS column (250×4.6 mm id, ACE, Scotland) with gradient elution. 0.085% H 3 PO 4 (A) and acetonitrile (B) was used as mobile phase and the gradient elution procedure was as follows: 
Cell Culture
Human HCC HepG2, MHCC97L, PLC/PRF/5, and HLE cells were chosen for the following experiments. HepG2 and PLC/ PRF/5 cells were commercially obtained from American Type Culture Collection (ATCC; Manassa, VA, USA); HLE cells were purchased from JCRB (Japan); and MHCC97L cells were kindly gifted by Professor Man Kwan from Department of Surgery, The University of Hong Kong. Cells were cultured in DMEM medium supplemented with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin and maintained at 37°C in a humidified chamber with 5% CO 2 .
Cell Viability Assay
HCC cells (5,000 cells/well) were seeded in 96-well plates and incubated for 24 h. After pretreatment with different concentrations of ZJP (0, 7.8125, 15.625, 31.25, 62.5, 125, 250, 500 , and 1,000 μg/ml) for 24, 48, and 72h, 10 μl of 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide solution (MTT, 5 mg/ml; Sigma, USA) was added to each well and then cells were cultured at 37°C for another 4 h. Then, the supernatants were discarded and 100 μl of DMSO was added to each well. The absorbance was measured at 595 nm using Multiskan MS microplate reader (Labsystems, Finland).
Colony Formation Assay
MHCC97L and PLC/PRF/5 cells were seeded in 6-well plates at 5000 cells per well and incubated for 24 h. Then, cells were treated with or without ZJP (150 and 300 μg/ml for MHCC97L, 50 and 100 μg/ml for PLC/PRF/5) for continuous 10 days. After fixation with 4% paraformaldehyde for 30 min, the cells were stained with crystal violet solution for 2 h. The photographs of the colonies were taken manually after washed with water.
Flow Cytometry for Cell Cycle Analysis
MHCC97L and PLC/PRF/5 cells (5 × 10 5 cells/well) were seeded in 6-well plates. After incubation for 12 h, the medium was changed to serum-free DMEM for another 12 h and then cells were treated with or without ZJP (150 and 300 μg/ml for MHCC97L, 50 and 100 μg/ml for PLC/PRF/5) for 24 h. Cells were collected and fixed with 70% ethanol at 4°C overnight. After fixation, the cells were stained with propidium iodide (PI, 50 μg/ ml, Sigma-aldrich, USA) for 45 min in dark. The cell samples were tested with Canto II flow cytometer (BD Bioscience, USA) for cell cycle analysis.
Wound-Healing and Transwell Invasion Assay
For wound-healing assay, MHCC97L and PLC/PRF/5 cells were incubated in 6-well plates with 100% confluence. A denuded area was scrapped using a plastic pipette tip on the cell monolayer. Medium was removed and the monolayer was washed 3 times with PBS. Then, medium containing different concentrations of ZJP (150 and 300 μg/ml for MHCC97L, 50 and 100 μg/ml for PLC/PRF/5) was added to each well and cell movements into the wound area were obtained after 0, 24, and 48 h incubation with a microscope. For transwell invasion assay, millicell cell culture inserts in 24-well plates were pretreated with 100 μl of cold Matrigel (BD Biosciences, USA, diluted 1:4 with cold PBS) for 2 h at 37°C. MHCC97L and PLC/PRF/5 cells (1 × 10 5 cells/well) were seeded to the chamber with 200 μl of serum-free DMEM and then incubated with or without ZJP (150 and 300 μg/ml for MHCC97L, 50 and 100 μg/ml for PLC/PRF/5) at 37°C for 24 h. The invaded cells are fixed with 4% paraformaldehyde for 30 min and stained with crystal violet solution for 2 h and then counted with a light microscope.
Orthotopic HCC Implantation Murine Model
All animals received human care throughout the experiments and the study protocols were approved by the Committee on the Use of Live Animals in Teaching and Research (CULATR). In brief, 5×10 6 luciferase-tagged MHCC97L cells were subcutaneously injected into the left waist of 5-week-old male BALB/c nu/nu athymic nude mice to establish xenografted tumor. When the subcutaneous tumor reached 1 cm in diameter, it was dissected and cut into small cubes (approximately 1 mm 3 ). The small tumor cube was orthotopically implanted into the left liver lobe of 5-week-old male BALB/c nu/nu athymic nude mice to establish orthotopic HCC implantation murine model. One week after implantation, the growth of liver tumor was checked under in vivo live imaging system (IVIS Spectrum, Perkin-Elmer, USA) by injecting luciferin (i.p., 150 mg/kg) into the mice. All tumor-presenting mice were then randomized into model and ZJP treatment groups (n = 5) receiving gavage of PBS and ZJP (400 mg powder/kg/2 day) respectively for 4 weeks. Liver tumor growth was monitored weekly. At the end of treatment, the nude mice were humanely sacrificed to collect tissues.
Western Blotting
For cell samples, HCC cells (5 × 10 5 cells/well) were seeded in 6-well plates. After incubation overnight, the cells were treated with or without ZJP for 24 h (50 and 100 μg/ml for HepG2 and PLC/PRF/5, 150 and 300 μg/ml for MHCC97L, 25 and 50 μg/ ml for HLE). The cells were harvested using a microscraper (Corning). For tissue samples, the tumor tissues were collected after 4 weeks' treatment of ZJP. The expression levels of PIK3CA, EGFR, NFKIBA, CCND1, and pMAPK1 were examined by western blotting. In brief, the whole-cell extracts and tumor homogenates were lysed with RIPA buffer supplemented with proteinase inhibitor (1% PMSF, 0.5% aprotinin, and 0.5% leupeptin) and phosphatase inhibitor (1 mM Na 3 VO 4 and 1 mM NaF) on ice for 30 min. Subsequently, the lysates were centrifuged at 14,000 rpm for 10 min at 4ºC. The protein concentration was detected using bovine serum albumin (BSA; Sigma, MO, USA) as a standard. Equal amount of protein in each sample was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride membrane (PVDF; Biorad, USA). Next, the membrane was blocked with 5% BSA in Tris buffered saline-Tween 20 (TBST) buffer (10 mmol/L Tris, 150 mmol/L NaCl, 1% Tween 20, pH 7.4) for 2 h at room temperature. The blots were then incubated with primary antibodies (anti-PIK3CA, anti-EGFR, anti-NFKIBA, anti-CCND1, and anti-pMAPK1 antibody at 1:1000; Abcam, UK) at 4ºC overnight. After washed with TBST buffer for three times, the blots were incubated with the secondary antibody (Abcam, UK) for 2 h at room temperature. Immunoreactivity was determined using an advanced ECL kit (GE Healthcare, UK) and visualized using a chemiluminescence imaging system (Biorad).
Histopathological Examination
Livers from the orthotopic implanted mice were dissected and fixed in 4% formalin buffer. Paraffin-embedded blocks were prepared and sections at 5 μm thickness were cut and stained with hematoxylin and eosin for histological examination.
Statistical Analysis
Statistical analysis was processed with Prism 6 software. Data were expressed as the mean ± SD and analyzed using Student's t-test. Differences between groups were considered to be statistically significant if values of P < 0.05.
RESULTS
Network Pharmacology-Based Analysis
Identification of Bioactive Components in ZJP
The fingerprinting analysis of ZJP aqueous extract were conducted by the UPLC. As shown in Supplement 1, approximately 14 chromatographic peaks were identified as the phytochemical profile of ZJP. Among them, two compounds of main peaks of UPLC chromatogram were identified as berberine and palmatine based on their retention time and UV spectrum.
A total of 224 components in ZJP were obtained from TCMSP database, 48 of which belong to CR and 176 to EF (Supplement 2). Of note, there were eight common components shared in these two herbs, namely, berberine, isovanillin, heriguard, obacunoic acid, obamegine, obacunone, limonin, and quercetin. Among the 48 components in Coptidis Rhizoma, 26 (54.2%) met the requirement of OB ≥30% and 14 (29.2%) met the requirements of OB ≥30% and DL index ≥0.18. Among the 176 components in Evodiae Fructus, 106 (60.2%) met the requirement of OB ≥30% and 31 (29.2%) met the requirements of OB ≥30% and DL index ≥0.18 (Table 1) . After eliminating the overlaps, 42 components were chosen as candidate bioactive components for further analyses and the detailed information was shown in Table 2 .
Targets Identification of ZJP on HCC
Among the 42 candidate bioactive components, 1,092 protein targets were retrieved from TCMSP database and TCMID. The detailed information was shown in Supplement 3. After eliminating the overlaps, 517 protein targets were obtained for further analyses. 566 HCC-related human genes were collected from OncoDB.HCC and Liverome databases. The detailed information was shown in Supplement 4. Then, these protein targets of ZJP were mapped with HCC using TTD, CTD, and PharmGKB. As a result, 86 targets of 32 components in ZJP were associated with HCC and the detailed information of the 86 targets of ZJP on HCC was shown in Table 3 .
Compound-Target Network and Analysis
As TCM formulas exhibited multiple pharmacological activities via multiple targets, it was constructive for us to investigate the underlying mechanisms of TCM formulas on complex diseases by network analysis. In the current study, the compound-target network of ZJP on HCC was constructed (Figure 2) , which included 118 nodes (32 for candidate bioactive components and 86 for potential protein targets). Among these bioactive components, there were six high-degree components associated with multiple HCC targets, namely, quercetin (MOL034, degree = 74), berberine (MOL001, degree = 31), evodiamine (MOL133, degree = 16), isorhamnetin (MOL104, degree = 9), rutaecarpine (MOL095, degree = 9), and gossypetin (MOL193, degree = 6). Among these potential protein targets, there were seven highdegree targets associated with multiple compounds, namely, AR (degree = 27), PTDG2 (degree = 26), HSP90AA1 (degree = 16), ERS1 (degree = 10), PIK3CA (degree = 7), CA2 (degree = 5), and PARP1 (degree = 5). These high-degree protein targets in the network may account for the essential therapeutic effects of ZJP on HCC.
GO and Pathway Enrichment Analysis
To identify the biological characteristics of putative targets of ZJP on HCC in detail, the GO and pathway enrichment analyses of involved targets were conducted via the functional annotation tool of DAVID Bioinformatics Resources 6.7. There were respectively 90 biological process (BP), 36 cellular component (CC), and 63 molecular function (MF) terms in total, which met the requirements of Count ≥ 2 and EASE scores ≤ 0.05. The detailed GO information was shown in Supplement 5. The top 15 significantly enriched terms in BP, CC, and MF categories were shown in Figure 3A , which indicated that ZJP may regulate cancer cell proliferation via enzyme binding, protein binding, and transcription factor binding in cytosol, plasma membrane, and extracellular space to exert its therapeutic effects on HCC. To explore the underlying involved pathways of ZJP on HCC, KEGG pathway analysis of involved targets was conducted. The detailed pathway information of ZJP on HCC was shown in Supplement 6. The top 15 significantly enriched pathways of ZJP on HCC were shown in Figure 3B . The pathways in cancer exhibited the largest number of involved targets (31 counts). 2015). To further characterize the molecular mechanism by which ZJP alleviated HCC, a target-pathway network was performed based on all involved proteins and their corresponding significant signalling pathways (Figure 4) . This network included 145 nodes (70 for proteins and 75 for pathways). Among these potential pathways, pathway in cancer was consider the most significant one with the highest degree value. Among these potential targets, MAPK1, PIK3CA, EGFR, CCND1, and NFKBIA were identified as relatively high-degree targets, which played an essential role in cell proliferation and survival and were considered as the key markers of ZJP treatment on HCC. From the integrated drug target prediction, GO, and pathway enrichment as well as network analyses, we speculated that the antitumor effects of ZJP on HCC might be associated with the roles of its key targets including MAPK1, PIK3CA, EGFR, CCND1, and NFKBIA in regulating HCC cell proliferation and survival.
Experimental Validation
ZJP-Inhibited HCC Cell Growth in Vitro
To validate the antiproliferative effect of ZJP on HCC as postulated from network pharmacology analysis, various cell function assays were conducted. When exposed to increasing concentrations (7.8125-1000 µg/ml) of ZJP, a dose-and timedependent decrease in HCC cell viability at different time Figure 5A) . The IC50 values of ZJP in different kinds of HCC cell lines were shown in Supplement 7. Then, MHCC97L and PLC/PRF/5 cells were chosen for other cell function assays. As shown in Figure 5B , a dose-reduced colony formation was observed in MHCC97L and PLC/PRF/5 cells after treatment with increasing ZJP for 10 days. The delay of the G1/S transition in HCC cells after treatment with ZJP was further confirmed by cell cycle analysis (Figure 5C) . Interestingly, a dose-reduced migratory and invasive property was also observed in MHCC97L and PLC/PRF/5 cells after treatment with increasing ZJP, as shown in Figures 5D, E . In summary, these data conformed that ZJP may inhibit HCC cell growth in vitro in various aspects.
ZJP Inhibited Tumor Growth of Orthotopic HCC Implantation Murine Model in Vivo
To further verify the antiproliferative effect of ZJP on HCC, an orthotopic HCC implantation murine model was established. The tumors in the model group continued to grow into large tumors, giving out very strong luminescence signals. In contrast, there was no remarkable enhancement of the luminescence signals in the ZJP-treated group during the treatment time (Figure 6A) . By the end of the treatment course (week 4), the size of dissected tumor in the ZJP group was significantly decreased when compared with the model group (Figure 6B) . These observations indicated that the growth rate of orthotopically implanted HCC was significantly inhibited with the treatment of ZJP. On the other hand, the model and ZJP-treated group had comparable body weight, suggesting that there was no severe toxicity in the presence of ZJP (Figure 6C) . Histological examination showed an irregular and invasive edge at the growth front of the tumors in the model group, revealing significant local invasion of orthotopically implanted HCC cells into the normal liver tissue (Figure 6D) . In contrast, there was a regular and well-defined tumor growth front of the tumors in the ZJP-treated group. In addition, there was a significant inhibition of mitotic events in the ZJP-treated group when compared with the model group (Figure 6E) , demonstrating a significant antiproliferative property of ZJP on in vivo growth of HCC.
ZJP Attenuated HCC Partially by Regulating Cell Proliferation and Cell Survival
Network pharmacology analysis predicted that the molecular targets highly associated with the common signaling pathways including MAPK1, PIK3CA, EGFR, CCND1, and NFKBIA may be related with the antitumor effects of ZJP on HCC in regulating HCC cell proliferation and survival. We further validated the antitumor properties of ZJP on the expressions of the potential targets identified via network pharmacology. As shown in Figure 7A , pretreatment of MHCC97L cells with ZJP (150 and 300 μg/ml) and Hep G2 cells with ZJP (50 and 100 μg/ml) led to apparent repression of pMAPK1, PIK3CA, and EGFR. Pretreatment of PLC/PRF/5 cells with ZJP (50 and 100 μg/ml) led to apparent enrichment of NFKBIA and repression of pMAPK1, PIK3CA, and CCND1. Likewise, pretreatment of HLE cells with ZJP (25 and 50 μg/ml) led to apparent enrichment of NFKBIA and repression of pMAPK1, PIK3CA, and EGFR. In addition, the expressions of the potential targets obtained from the tumors of orthotopic HCC implantation murine model were also examined. As shown in Figure 7B , the oral treatment of ZJP led to apparent enrichment of NFKBIA and repression of pMAPK1, EGFR, PIK3CA, and CCND1. These results validated that ZJP may regulate the cell proliferation and cell survival mainly through PI3K-NF-κB, EGFR-MAPK, and CCND1 pathways. 
DISCUSSION
HCC is a complex disease with a stepwise sequence of events, which are related to multiple proteins or pathways during the development and progression (Feitelson et al., 2002) . Being composed of multiple compounds, TCM may exhibit extensive pharmacological activities with multiple targets and pathways , which may benefit the treatment of HCC.
On the other hand, this property of TCM may bring difficulty towards the in-depth study of the underlying mechanisms. Network pharmacology approach, which integrates the systems biology and in silico technologies, may offer a direction for the mechanistic study of complicated TCM. In the current study, we used this approach to clarify the pharmacological mechanism by which ZJP alleviated HCC.
In the system of TCM, compounds lacking proper pharmacokinetical properties could not reach the target organs to deliver the biological activities. In the current study, the compounds in ZJP with OB ≥ 30% and DL index ≥ v0.18 were considered pharmacokinetically active as they are possibly absorbed and distributed in human body. In the compoundtarget network, compounds with high-degree may account for the major therapeutic effects of ZJP on HCC. In this study, quercetin was the most significant compound, followed by berberine, evodiamine, isorhamnetin, rutaecarpine, and gossypetin. Quercetin, a natural flavonoid, was shown an anticarcinogenic action via inhibiting PI3K pathway (Maurya and Vinayak, 2015) . Berberine and evodiamine are the primary bioactive compound in CR and EF, respectively. The most significantly bioactive compound berberine from CR could suppress Cyclin D1 expression via proteasomal degradation in human hepatoma cells . In addition, berberine could also induce autophagic cell death and mitochondrial apoptosis in liver cancer cells (Wang et al., 2010b) . The bioactive compound evodiamine from EF was shown to exert its antitumor effect on HCC via inducing Akt-mediated apoptosis (Yang et al., 2017) . Isorhamnetin, a flavonol aglycone, obtained from the TCM Hippophae rhamnoides L., was shown to exhibit in vitro antitumor activity against HCC cells (Teng et al., 2006) . Although there was no literature relating rutaecarpine with HCC, it was reported to ameliorate the hyperlipidemia and hyperglycemia, which were the risk factors of HCC (Nie et al., 2016) . Gossypetin, a naturally occurring hexahydroxy flavone, has been shown to exert anticancer potential via inducing apoptotic and autophagic cell death (Lee et al., 2017) . All these literatures together with our experimental studies supported the conclusion of network prediction and demonstrated a successful practice of network pharmacology approach in identification of action mechanism of TCM.
From the integrated drug target prediction and pathway analysis, ZJP may exert its antitumor effects on HCC via the regulation of cell proliferation and survival, which was characterized as the important mechanism of liver cancer progression (Llovet and Bruix, 2008) . Signaling pathways that control multiple processes, such as cell proliferation, invasion, metastasis, and angiogenesis, are commonly dysregulated in the pathological progression of HCC, which have become an important source of targets from a therapeutic perspective in HCC treatment (Moeini et al., 2012) . As predicted by network pharmacology approach, ZJP may exert therapeutic effects on HCC primarily by regulating HCC cell proliferation and cell survival via PI3K-NF-κB, EGFR-MAPK, and CCND1 signaling pathways. To further validate the postulation, we investigated the curative effects of ZJP on different kinds of HCC cells in vitro and orthotopic HCC implantation murine model in vivo. The in vitro results showed that ZJP treatment significantly decreased HCC cell viability and colony formation ability, halted the cells in GO/G1 phase, and inhibited the cell migration and invasion activities in a dose-dependent manner. The in vivo results revealed that oral treatment of ZJP significantly decreased tumor growth and invasion. Especially, the expression levels of PIK3CA, EGFR, pMAPK1, and CCND1 were significantly decreased, whereas NFKBIA was significantly increased. NFKBIA is a member of the NF-κB inhibitor family. It could inhibit NF-κB, which has an essential role in promoting cell survival via immune, inflammatory, and stress responses. The aberrant regulation of NF-κB and the signaling pathways that control its activity are related to cancer development and progression (Baud and Karin, 2009 ). PIK3CA has been shown to be mutated in multiple tumors and considered as a potential therapeutic target (Hanker et al., 2013) . The PI3K signaling pathway has an essential role in regulating the proliferation, apoptosis, and metastasis of tumor cells, which could be hyperactivated via activating mutations in PIK3CA. It is a key juncture in signaling communication network and it makes crosstalk between several important pathways, including NF-κB (Engelman, 2009) . EGFR is a transmembrane glycoprotein, which is a member of the protein kinase superfamily. As a receptor for members of the epidermal growth factor family, binding this protein with ligand would trigger tyrosine kinase activity and lead to cell proliferation. EGFR was usually overexpressed at both mRNA and protein levels in HCC (Villanueva et al., 2008) . Specifically, the EGFR signaling pathway has a pivotal role in regulating the multiple processes of HCC, such as cell proliferation, angiogenesis, invasion, and metastasis (Wang et al., 2015b) . Therefore, when HCC cells were pretreated with ZJP, the decreased expression of EGFR may partially contribute to its curative effects. MAPK1 is one of the members of the MAP kinase family. MAP kinases, also known as extracellular signal-regulated kinases, are associated with a wide variety of biochemical processes, including proliferation and differentiation. In HCC, the activation of MAPK pathway might result from aberrant upstream signals, such as aberrant EGFR signaling (Calvisi et al., 2006) . After phosphorylation, it could translocate to the nucleus and phosphorylate the nuclear targets. From the experimental validation, effective blockade of EGFR and pMAPK1 in HCC cells after pretreatment with ZJP may contribute to its curative effects. Cyclin D1 (CCND1) is a member of D-type cyclin family, which also includes cyclin D2 and D3. CCND1 could promote the transition from the G1 to S phase of the cell cycle (Fu et al., 2004) . It has been shown that overexpression of CCND1 in liver can induce HCC in a transgenic mice model (Deane et al., 2001) . Taken together, our findings suggested that ZJP may inhibit HCC progression mainly via the regulation of cell proliferation and survival through the EGFR-MAPK, PI3K-NF-κB, and CCND1 signaling pathways (Figure 8) . Furthermore detailed pharmacological mechanisms by which ZJP ameliorates HCC will be investigated in our future study.
CONCLUSION
In conclusion, the pharmacological mechanism by which ZJP inhibited HCC was investigated with the combination of network pharmacology prediction and experimental validation. We demonstrated that ZJP may inhibit the proliferation and survival of HCC mainly via the regulation of EGFR/MAPK, PI3K/NF-κB, and CCND1 signaling pathways. Our study further suggested combined network pharmacology prediction and experimental validation study may offer a useful tool to characterize the action mechanism of TCM in detail. The potential therapeutic effects of ZJP on HCC may benefit from the further studies on clinical trials of HCC patients with ZJP treatment.
